ABSTRACT
INTRODUCTION
Hypertensive disorders, including pre-eclampsia, occur in approximately 10% of pregnancies in the UK 1 . Pre-eclampsia, a condition characterized by hypertension and proteinuria, is reported in 3% of pregnancies, and is associated with substantial perinatal morbidity and mortality in mothers and infants 1, 2 . The management of pre-eclampsia is also associated with significant healthcare costs 3, 4 . The UK National Institute for Health and Care Excellence (NICE) guidelines recommend hospitalization for women diagnosed with pre-eclampsia, but not for those with mild/moderate gestational hypertension only 1 . However, uncertainty in confirming the diagnosis leads to unnecessary admission of women with suspected but not proven pre-eclampsia, leading to substantial healthcare costs.
In a UK study between 2006 and 2008, 'substandard care' was linked with 20/22 deaths related to pre-eclampsia, of which 63% were described as 'undoubtedly avoidable' 5 . Moreover, timely referral to a perinatal care center was reported to reduce perinatal morbidity and mortality by 20% 6 . Improved diagnostic testing could reduce costs and optimize management by triaging patients at low risk of pre-eclampsia to an outpatient setting, while ensuring that patients at moderate/high risk are managed more intensively and receive interventions (e.g. antenatal corticosteroids for fetal lung maturation) to mitigate morbidity.
Quantification of the ratio between two angiogenic placental factors involved in the formation of new blood vessels -serum fms-like tyrosine kinase-1 (sFlt-1)
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and placental growth factor (PlGF) -has provided valuable diagnostic information and forms the basis of the first automated biomarker test for pre-eclampsia, the Elecsys ® sFlt-1/PlGF immunoassay ratio (Roche Diagnostics GmbH, Mannheim, Germany) 7 -9 . PreOS, a multicenter, non-interventional study evaluating the test for its aid in diagnosis and clinical decision-making, found that changed decisions due to test results regarding hospitalization were in agreement with the maternal and neonatal outcomes 10 -12 . Recently, PROGNOSIS, a global, multicenter, non-interventional study derived and validated cut-off values for the short-term prediction of pre-eclampsia. The study found that, in women presenting with clinical suspicion of pre-eclampsia, a sFlt-1/PlGF ratio of < 38 accurately ruled out the onset of pre-eclampsia within 1 week 13 -15 . The objective of this study was to estimate the incremental value of the test information measured by a reduction in expected costs of patient management because of improved accuracy in the short-term prediction of pre-eclampsia when using the sFlt-1/PlGF ratio test in addition to current practice.
METHODS
PROGNOSIS study
PROGNOSIS was a prospective, non-interventional study conducted across 30 sites globally, including the UK, in which serum sFlt-1/PlGF ratios were measured in 1050 women with suspected pre-eclampsia between 24 + 0 and 36 + 6 weeks' gestation. The aim of the study was to derive and validate a cut-off of the ratio for the short-term prediction of pre-eclampsia. The serum ratio levels were measured after enrollment of the derivation cohort, and at the end of the study for the validation cohort and, as such, were not available to investigators, and patient management decisions were made in the absence of the test information. Data on fetal and maternal adverse events were collected. Resource use, including planned and unplanned hospital admissions and inpatient length of stay, were also recorded 13 . The PROGNOSIS study data were used as a source of information for the proportion of women hospitalized on suspicion of pre-eclampsia, in the absence of test information, in current practice ('no-test' scenario), the correlation between hospitalization and the test ratio and the relationship between test ratio, hospitalization and a confirmed diagnosis of pre-eclampsia. The study was also used to provide information on inpatient length of stay, before and after the onset of pre-eclampsia, and for women who did not develop pre-eclampsia.
In the PROGNOSIS study, each participating study site provided ethics committee/institutional review board approval of the study protocol and associated documents (participant informed consent, participant information) before the start of the clinical part of the study. All women provided written informed consent before enrollment 13, 15 . Being a health economic study, ethical approval was not required for the present study.
Model structure
An economic model was developed from a UK National Health Service (NHS) payer's perspective to estimate costs associated with the diagnosis and management of a cohort of women from first presentation with clinical suspicion of pre-eclampsia to the point of delivery. The model simulates the progression of a woman through a treatment pathway that is determined by the assessed risk of her developing pre-eclampsia and the consequent decision to hospitalize her or to manage the pregnancy in an outpatient setting.
The incremental value of the information generated by the test was evaluated by comparing expected management costs in two scenarios: a 'test' scenario (current diagnostic procedures plus the sFlt-1/PlGF ratio) and a 'no-test' scenario (current diagnostic procedures only) in a population of pregnant women presenting with a clinical suspicion of pre-eclampsia, but in the absence of a definitive diagnosis. The incidence of pre-eclampsia was assumed to be unaffected by the introduction of the test. Potential cost savings were expected to be driven by changes in clinical-management strategy brought about by the test information. In particular, it was thought that the ability of the test to rule out the onset of pre-eclampsia within 1 week may have reduced the number of women who were hospitalized unnecessarily. Treatment pathways for the test and no-test scenarios are shown in Figure 1 .
Patient-level data from the PROGNOSIS study provided information for each woman on whether she was hospitalized before developing pre-eclampsia, the test ratio at baseline and whether she ultimately developed pre-eclampsia. In the economic model, patients not admitted to hospital were assumed to be managed in an outpatient setting. Outpatient resource use was modeled by distinguishing low-intensity management (characterized by weekly midwife-led outpatient appointments) and intermediate-intensity management (twice-weekly midwife-led outpatient appointments with some specialist involvement). Table 1 shows the main differences in resource use between the three levels of patient management (low, intermediate and high intensity).
Women were classified into one of three groups according to the sFlt-1/PlGF ratio test results: < 38; 38-85; or > 85. The risk of pre-eclampsia and probability of hospitalization were expected to be positively correlated with the value of the ratio 8, 9 . The lower cut-off value of 38 to rule out pre-eclampsia within 1 week, with a negative predictive value (NPV) of 99.3%, was derived from the PROGNOSIS study 15 . The higher cut-off value of 85 for the diagnosis of pre-eclampsia was derived from a multicenter case-control study 9 ; according to a 2015 consensus statement, a ratio > 85 indicates that pre-eclampsia was highly likely and administration of antenatal corticosteroids should be considered 16 . In the PROGNOSIS study, in which clinicians were blinded to the test ratio, 36% of women presenting with a clinical suspicion of pre-eclampsia were hospitalized. In the absence of information on whether outpatient management was at low or intermediate intensity, the economic model assumed an equal split (32% low and 32% intermediate). Analysis of the test information from the PROGNOSIS study showed that, of the 13.2% of women with a ratio > 85, 65% were hospitalized. Of the 10.7% of women with a ratio in the range 38-85, 55% were hospitalized and of the 76.1% of women with a ratio of < 38, 28% were hospitalized (Table S1 ).
There is no direct information from the PROGNOSIS study on the management decisions that would have been made had the value of the ratio been known. For the purposes of modeling the test scenario, a clinical algorithm was developed to estimate the disposition of women according to the value of the ratio (Table S1 ), on the basis of a consensus statement on the management of pre-eclampsia and current NICE guidelines 1, 16 . The conservative assumption was that, for a test ratio of > 38, the proportion of women hospitalized would be the same as was observed in the PROGNOSIS study (65% for a ratio > 85, and 55% for a ratio between 38 and 85). A ratio of < 38 denotes a low risk of pre-eclampsia and, in principle, no woman in this group would need to be hospitalized to manage the risk. In practice, there may be other reasons for hospitalization, and the economic model is based on the assumption that a woman will be hospitalized with an sFlt-1/PlGF ratio of < 38 and blood pressure higher than 160/110 mmHg, as recommended by current NICE guidelines. In the PROGNOSIS study, 1.7% of women met these joint criteria. All women with a ratio of > 38 were assumed to have received corticosteroids, irrespective of hospitalization, to form a conservative estimate in the economic model. The benefits of corticosteroid administration were not accounted for in the model.
The economic model includes an option for a retest 2 weeks after the initial test, if the initial test was negative (i.e. sFlt-1/PlGF ratio < 38). Given that the NPV of the test was still very high after 2 weeks, with a value of 97.9% (95% CI, 96.0-99.0%) 14 , this period was chosen in the model for the retest, despite the rule-out period for pre-eclampsia being 1 week in the PROGNOSIS study (with an NPV of 99.3%) 16 . Additional criteria for a retest were continuing symptoms of pre-eclampsia including epigastric pain, severe edema and headache; confirmed hypertension or proteinuria; one of the criteria for HELLP syndrome; intrauterine growth restriction; or abnormal uterine perfusion.
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Costs
The analysis includes the cost of the ratio test (£65), treatment costs associated with hospitalization, outpatient appointments, antihypertensive medication, regular testing, the cost of preventing complications and the cost of treating complications. The level of resource use for each of the management intensities was informed by the NICE guidelines for the management of women with hypertension in pregnancy, and unit costs were taken from UK-specific sources (Table S2) . Hospitalization costs per episode were derived from a unit cost of £2639 for a 7-day hospital stay (£377 per day) 17 , multiplied by the length of stay obtained from the PROGNOSIS study for each of the treatment arms in the model.
The costs of treating complications include the cost of unplanned re-attendance of women at hospital and the cost of admission of neonates to the neonatal intensive care unit (NICU). In the absence of evidence, the model assumes that information from the test had no effect on unplanned readmissions of women, or on admission of a neonate to the NICU.
Scenario analysis
Three sets of scenario analysis were performed to test the robustness of the results:
(1) Variations in inpatient length of stay. Two separate sensitivities were run: (a) the value of all length-of-stay parameters was reduced by 50%; and (b) length of stay was reduced to 1.6 days for women who were hospitalized but did not develop pre-eclampsia (in both the test and the no-test scenarios), in line with hospital statistics for women with gestational hypertension. (2) Variations in the proportion of women admitted to hospital, depending on the value of the test ratio: (a) the proportion of women admitted was increased by 10% and 20% for women with a ratio value of < 38 and ≥ 38 respectively; and (b) the proportion of women admitted was increased by 5% and 10% for women with a ratio of < 38.
No retest. Women were tested only once, at the time of the initial suspicion of pre-eclampsia.
RESULTS
The additional information provided by the test may result in management decisions for women with suspected pre-eclampsia that are better correlated with pre-eclampsia outcomes than are current diagnostic procedures alone. Without the test information, 36% of women were hospitalized before a diagnosis of pre-eclampsia, of whom 27% went on to develop pre-eclampsia. If the additional information from the test had been available, the proportion of women hospitalized could have been reduced to around 16%, of whom 38% would have subsequently developed pre-eclampsia. Among women who were not hospitalized, approximately the same proportion subsequently developed pre-eclampsia. The introduction of the test is also expected to reduce the number of women hospitalized at first presentation, before developing pre-eclampsia, from 36% to 16%. In the PROGNOSIS study population (n = 1050), this would equate to 213 fewer women hospitalized to manage the risk of pre-eclampsia. This reduction in hospitalization would be expected to generate a cost saving of £344 per patient (8.3%) ( Table 2 ). The additional costs of the test and retest are more than offset by savings in the cost of hospitalization. The expected annual cost savings for the UK NHS would be in the region of £24 million, based on a cohort of 68 900 women presenting annually with hypertensive disorders including suspected pre-eclampsia 18 . The rate of hospitalization derived from data for UK subjects in the PROGNOSIS study showed that the hospitalization rate in the no-test scenario was 58%, compared with 36% in the overall PROGNOSIS cohort, indicating that there may be further potential to reduce hospitalization in the UK. Of the 44 patients hospitalized in the UK cohort, nine (20.5%) developed pre-eclampsia compared with 27% in the overall study cohort. This may indicate that the UK is more risk-averse with regard to hospitalization than are other countries.
In the test scenario, all women with a sFlt-1/PlGF ratio of > 38 (considered to be at intermediate or high Table 2 Cost analysis for introduction of serum fms-like tyrosine kinase-1/placental growth factor (sFlt-1/PlGF) ratio test in addition to current diagnostic procedures (test scenario) compared with costs of current diagnostic procedures only (no-test scenario), for guiding management of pre-eclampsia (PE) in a cohort of 1050 women with suspected PE from the PROGNOSIS study Slight discrepancies between numbers and totals are due to rounding.
Treatment
No-test scenario cost (£) Test scenario cost (£) D i f f e r e n c e( £)
risk of developing pre-eclampsia) and an increased likelihood of clinical surveillance or hospitalization could be considered for antenatal corticosteroid administration in order to improve fetal lung maturation and neonatal outcome. The model conservatively accounts for the cost of corticosteroids, without quantifying the associated benefit. As such, in addition to the benefits that may be achieved by reducing unnecessary hospitalization, directed use of corticosteroids may also reduce the risk of neonatal morbidity.
Scenario analysis
The overall expectation of the positive value of the sFlt-1/PlGF ratio test in terms of reducing costs is robust to plausible changes in the main parameters. The principal effect of the information derived from the test is to reduce hospitalization, and this is the driver of cost savings. Reducing mean length of stay has the effect of reducing the value of the test from £344 to between £265 and £281 (Table 3) . Similarly, increasing the proportion of women admitted to hospital also has the effect of reducing expected cost savings. With the exception of the scenario in which admission rates are increased by 10% for women with a sFlt-1/PlGF ratio of < 38, all the scenarios remain cost saving. This is the key assumption in the analysis. Removing the retest option increases the expected cost saving from £344 to £382.
DISCUSSION
Main findings
Measurement of the sFlt-1/PlGF ratio provides new information that is likely to be valuable for the short-term prediction of pre-eclampsia. A ratio of < 38 has a high NPV (99.3%) in ruling out the onset of pre-eclampsia within 1 week, and this would be expected to lead to a reduction in unnecessary hospitalization in women with a clinical suspicion of pre-eclampsia, but with no definitive diagnosis 15 . Our analysis of the PROGNOSIS patient-level data shows that more than one-third (36%) of women presenting for assessment with suspected pre-eclampsia were admitted to hospital; however, the majority of these women did not subsequently develop pre-eclampsia. The economic analysis quantified the impact of implementing a step-down care approach for suspected pre-eclampsia, taking into account the high NPV for pre-eclampsia developing within 1 week of the sFlt-1/PlGF ratio test.
The economic analysis suggests that introduction of the test could reduce the number of women hospitalized by more than half (56%), from 36% to 16%. The exact size of the reduction in hospitalization would depend on a number of local factors, but the general conclusion is robust to changes in all the main parameters of the economic model. The reduction in hospitalization is associated with a net saving of £344 in the base-case analysis; the additional cost of the test is more than offset by a saving in inpatient resource use.
The base-case analysis includes an option to retest women who initially tested negative (sFlt-1/PlGF ratio < 38) 2 weeks after the initial test. In the PROGNOSIS study, the proportion of women who tested negative at baseline and had not developed pre-eclampsia but still exhibited signs and symptoms 2 weeks after the initial test was high (59%). Of those women whose retest ratio was > 38 2 weeks after the initial test, 35.5% subsequently developed pre-eclampsia. The retest identified around 10 women (from a study cohort of 1050) at high risk of pre-eclampsia who went on to develop the condition. Including the retest option resulted in cost savings of £344 per woman compared with £382 without retesting.
Strengths and limitations of the study
This analysis was based on data on management and resource use, collected from a large observational study
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Vatish et al. Table 3 Results of scenario analyses in which serum fms-like tyrosine kinase-1/placental growth factor (sFlt-1/PlGF) ratio test was used in addition to current diagnostic procedures (test scenario) and in which current diagnostic procedures only were used (no-test scenario) for guiding management of pre-eclampsia in a cohort of 1050 women with suspected pre-eclampsia from the PROGNOSIS study (PROGNOSIS); as such, the findings of the analysis are likely to reflect real-world clinical practice. Moreover, consistency with clinical consensus and NICE guidelines is a strength of the analysis. Scenario analyses to determine the robustness of base-case assumptions indicated that the results were sensitive to both length of stay and the percentage of women hospitalized with a negative test result (sFlt-1/PlGF ratio < 38). However, the conclusions of the analysis remain robust to plausible changes in model parameters.
The main limitation of the analysis is the absence of a randomized interventional study on the actual impact of the test information to rule out pre-eclampsia within 1 week in clinical practice. Although the model can simulate the effect of the most likely outcomes under a range of plausible assumptions, further research may be required to quantify the value of the sFlt-1/PlGF ratio test information more accurately in routine practice.
A limitation from the perspective of the UK healthcare system is that PROGNOSIS includes data from countries other than the UK, whose protocols may differ from those of the UK. However, management is expected to be similar in the UK to that in other countries, and indeed, in PROGNOSIS, a higher overall hospitalization rate was observed in the UK study center. Overall, therefore, the limitations of the model are not expected to impact significantly on the findings of the study.
Interpretation in light of other evidence
The impact of the sFlt-1/PlGF ratio test as an aid to diagnosis and clinical decision-making has been investigated in Austria and Germany in the PreOS study, where the test is in routine clinical use in accordance with their local guidelines 10 -12,19 . The cut-off ratio of 85 was considered in PreOS to confirm the diagnosis of pre-eclampsia and inform management of women with suspected pre-eclampsia. The change in clinical management observed in PreOS was consistent with the assumptions made in this analysis of the PROGNOSIS data, in which it was assumed that patients with sFlt-1/PlGF ratios indicating low risk would be managed less intensively than patients who were indicated to be at moderate/high risk. Resource savings based on the use of the test as an aid to diagnosis were reported previously in a UK-based analysis published in 2010, which reported savings of £945 per patient using the sFlt-1/PlGF ratio test 20 . A consensus publication from 2015 stated that, in women with a particularly high sFlt-1/PlGF ratio, there was an association with a need to deliver the infant within 48 h, and thus close surveillance and prompt initiation of corticosteroids were strongly recommended 16 . These data emphasize the clinical need to identify accurately women at high risk of complications from pre-eclampsia, as well as the economic need to reduce unnecessary hospitalization of women at low risk.
NICE assessed PlGF-based testing to help diagnose suspected pre-eclampsia 21 . The economic model showed cost reductions per patient compared with standard clinical assessment of £2488 for the Elecsys immunoassay sFlt-1/PlGF ratio for women presenting with suspected pre-eclampsia before 35 weeks' gestation, and NICE diagnostic guidance recommends the Elecsys immunoassay sFlt-1/PlGF ratio to help rule out pre-eclampsia and avoid unnecessary hospital admissions 21 . The NICE assessment focused on women with suspected pre-eclampsia before 35 weeks' gestation (the PROGNOSIS study and the present analysis included women with suspected pre-eclampsia between 24 and 36 + 6 weeks' gestation) and also included different sources for clinical inputs and costs of NICU stay, resulting in greater cost reductions than those found in the current analysis. The NICE assessment confirms in a separately developed model the cost-saving potential of the sFlt-1/PlGF ratio test in women with suspected pre-eclampsia.
Conclusion
This study demonstrates that use of the sFlt-1/PlGF ratio test in the UK may lead to a reduction in unnecessary hospitalization for women with suspected pre-eclampsia, resulting in substantial cost savings.
SUPPORTING INFORMATION ON THE INTERNET
The following supporting information may be found in the online version of this article:
Table S1
Clinical algorithm used in the model Table S2 Treatment costs to prevent complications in women with pre-eclampsia, stratified by management intensity
